Mesenchymal stem cells, also known as multipotent stromal progenitor cells, can differentiate into cells of mesodermal lineage. Gangliosides are sialic acid-conjugated glycosphingolipids that are believed to regulate cell differentiation and several signaling molecules. These molecules are localized in glycosphingolipid-enriched microdomains on the cell surface and are regulated by glycosphingolipid composition. Transforming growth factor-beta (TGF-β) signaling plays a critical role in chondrogenic differentiation. However, the role of gangliosides in chondrogenesis is not understood. In this study, the relationship between the ganglioside GM3 and TGF-β activation, during chondrogenic differentiation, was investigated using an aggregate culture of human synovial membrane-derived mesenchymal stem cells. We showed that the gangliosides GM3 and GD3 were expressed after the chondrogenic differentiation of hSMSC aggregates. To test whether GM3 affected the chondrogenic differentiation of hSMSC aggregates, we used GM3 treatment during chondrogenic differentiation. The results showed that the group treated with 5 µM GM3 had higher expression of chondrogenic specific markers, increased toluidine blue, and safranin O staining, and increased accumulation of glycosaminoglycans compared with the untreated group. Furthermore, GM3 treatment enhanced TGF-β signaling via SMAD 2/3 during the chondrogenic differentiation of hSMSC aggregates. Taken together, our results suggested that GM3 may be useful in developing therapeutic agents for cell-based articular cartilage regeneration in articular cartilage disease.
Introduction
Mesenchymal stem cells (MSCs), also referred to as multipotent stromal progenitor cells, can be differentiated into cells of mesodermal lineage, such as chondrocytes, osteoblasts, and adipocytes, making them an interesting candidate in regenerative medicine [1, 2] . Notably, synovium-derived mesenchymal stem cells (SMSCs) have a remarkable capacity for self-renewal and multipotency with common surface epitopes [3] . Moreover, SMSCs have been shown to have the greatest chondrogenic potential, owing to the presence of uridine diphosphoglucose dehydrogenase activity and expression of cartilage oligomeric matrix protein (COMP) and glycosaminoglycans (GAG) [4] [5] [6] [7] . Therefore, many researchers have suggested that SMSCs offer a new strategy for clinical applications, such as cell-based cartilage regeneration.
Gangliosides are complex glycosphingolipids that contain one or more sialic acid residues and are the major components of cytoplasmic membranes [8] . Different cell types harbor diverse types of gangliosides that are involved in various biological processes, such as apoptosis, cell proliferation and differentiation, cell-surface interactions, and transmembrane signaling [9] [10] [11] . Numerous studies have confirmed that the pattern and level of ganglioside expression are subject to developmental and cell-type specific regulation [12, 13] . Moreover, results from our recent studies have suggested that the expression of gangliosides is closely related to the differentiation of stem cells in vitro [14] [15] [16] . Interestingly, GM3 has been shown to regulate tyrosine phosphorylation of growth factor receptors [17] [18] [19] .
Members of the transforming growth factor-beta (TGF-β) superfamily, TGF-β1, 2, and 3 play a critical role in proliferation [20] . TGF-β was shown to efficiently up-regulate various molecules associated with pre-chondrogenic condensation and chondrogenic gene expression, thereby inducing chondrogenic differentiation [21] [22] [23] . The TGF-β related signal transduction includes initial internalization via serine/threonine phosphorylation of TGF-β receptor (TGF-βR) after pairing of TGF-βR1 and TGF-βR2 on the cell surface [24] . Phosphorylated TGF-βR directly activates the downstream mediator receptor-activated SMAD, including SMAD2 and SMAD3 [24] [25] [26] .
In this study, we investigated whether human SMSCs (hSMSCs) could differentiate into chondrocyte and the role of the ganglioside, GM3, in chondrogenic differentiation of hSMSCs.
Results

GM3 and GD3 Expression in the Chondrogenic Differentiation of hSMSC Aggregates
hSMSCs were characterized morphologically (fibroblastic morphology), evaluated for the presence of mesenchymal markers (CD44, CD73, CD90, and CD105), and assessed for mesodermal differentiation into chondrocytes, osteoblasts, and adipocytes (Supplementary Figure S1 ). Characterized hSMSCs were differentiated into chondrocytes using the aggregation culture system and showed chondrocyte marker expression upon differentiation (Supplementary Figure S2 ). Ganglioside expression patterns were analyzed by HPTLC after chondrogenic differentiation was induced in the aggregates (Figure 1 ). No gangliosides were detected in hSMCs; however, GM3 and GD3 were detected in aggregates with chondrogenic differentiation. Moreover, immunofluorescence analysis showed that GM3 and GD3 were expressed in aggregates with chondrogenic differentiation. Thus, we speculated that GM3 or GD3 might play a role in the chondrogenic differentiation of hSMSC aggregates.
GM3 Enhanced Chondrogenic Differentiation of hSMSC Aggregates
Several studies have demonstrated that GM3 improved differentiation of various cell types, but not the chondrogenic differentiation of hSMSC aggregates. Here, we studied the effect of GM3 treatment on the chondrogenic differentiation of hSMSC aggregates. To evaluate GM3 cytotoxicity, hSMSCs were cultured with various concentrations of GM3 (Supplementary Figure S3 ). The mean value of cell viability did not significantly differ from that of the 0 µM GM3 treated group during 7 d. Interestingly, tissue weight of chondrogenically differentiated hSMSC aggregates was seen to significantly increase in the 2 and 5 µM GM3 treated groups (0 µM, 7.67 ± 0.90 mg; 1 µM, 8.33 ± 0.25 mg; 2 µM, 10.13 ± 0.45 mg; 5 µM, 11.37 ± 0.72 mg; and 10 µM, 9.13 ± 0.47 mg) (Supplementary Figure S4 ). Furthermore, GM3 synthase expression increased in the 5 and 10 µM GM3 treated groups, and the expression of chondrogenic specific markers, such as aggrecan, 3.00 ± 0.02 folds; SOX-9, 2.85 ± 0.55 folds; COMP, 5.92 ± 0.26 folds; type 1 collagen, 2.50 ± 0.05 folds; type 2 collagen, 2.55 ± 0.19 folds; and type 10 collagen, 3.56 ± 0.31 folds, also significantly increased in the 5 µM GM3 treated group compared with that in the 0 µM treated group ( Figure 2 ). 
Several studies have demonstrated that GM3 improved differentiation of various cell types, but not the chondrogenic differentiation of hSMSC aggregates. Here, we studied the effect of GM3 treatment on the chondrogenic differentiation of hSMSC aggregates. To evaluate GM3 cytotoxicity, hSMSCs were cultured with various concentrations of GM3 (Supplementary Figure S3 ). The mean value of cell viability did not significantly differ from that of the 0 μM GM3 treated group during 7 d. Interestingly, tissue weight of chondrogenically differentiated hSMSC aggregates was seen to significantly increase in the 2 and 5 μM GM3 treated groups (0 μM, 7.67 ± 0.90 mg; 1 μM, 8.33 ± 0.25 mg; 2 μM, 10.13 ± 0.45 mg; 5 μM, 11.37 ± 0.72 mg; and 10 μM, 9.13 ± 0.47 mg) (Supplementary Figure  S4 ). Furthermore, GM3 synthase expression increased in the 5 and 10 μM GM3 treated groups, and the expression of chondrogenic specific markers, such as aggrecan, 3.00 ± 0.02 folds; SOX-9, 2.85 ± 0.55 folds; COMP, 5.92 ± 0.26 folds; type 1 collagen, 2.50 ± 0.05 folds; type 2 collagen, 2.55 ± 0.19 folds; and type 10 collagen, 3.56 ± 0.31 folds, also significantly increased in the 5 μM GM3 treated group compared with that in the 0 μM treated group ( Figure 2 ). After chondrogenic differentiation, the hSMSC aggregates were stained with toluidine blue (for matrix proteoglycans), safranin O (for cartilage), and hematoxylin and eosin ( Figure 3A -C). The 5 μM GM3 treated group had significantly increased toluidine blue (1.85 ± 0.18 folds, Figure 3A ,B) and safranin O (1.80 ± 0.08 folds, Figure 3A ,C) staining compared with the 0 μM treated group. Moreover, After chondrogenic differentiation, the hSMSC aggregates were stained with toluidine blue (for matrix proteoglycans), safranin O (for cartilage), and hematoxylin and eosin ( Figure 3A -C). The 5 µM GM3 treated group had significantly increased toluidine blue (1.85 ± 0.18 folds, Figure 3A ,B) and safranin O (1.80 ± 0.08 folds, Figure 3A ,C) staining compared with the 0 µM treated group. Moreover, accumulation of GAG/DNA significantly increased in the 5 µM GM3 treated group compared with that in the 0 µM treated group (5 µM GM3 treated group, 16.48 ± 1.45 µg/µg; 0 µM GM3 treated group, 3.69 ± 0.12 µg/µg). Therefore, our results suggested that GM3, specifically 5 µM GM3, improved the chondrogenic differentiation of hSMSC aggregates.
Figure 2.
Comparison of chondrogenic specific markers expression after the chondrogenic differentiation of aggregates. GM3 (0, 1, 2, 5, and 10 μM) was used for treatment during the chondrogenic differentiation of hSMSC aggregates. (A) GM3 synthase, (B) aggrecan, (C) SOX-9, (D) cartilage oligomeric matrix protein (COMP), (E) type 1-Collagen, (F) type 2-collagen, and (G) type 10-collagen expression were compared by qPCR. mRNA expression levels were normalized to the housekeeping gene β-actin. The values shown are the mean ± SEM from three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the 0 μM GM3 treated group.
After chondrogenic differentiation, the hSMSC aggregates were stained with toluidine blue (for matrix proteoglycans), safranin O (for cartilage), and hematoxylin and eosin ( Figure 3A -C). The 5 μM GM3 treated group had significantly increased toluidine blue (1.85 ± 0.18 folds, Figure 3A ,B) and safranin O (1.80 ± 0.08 folds, Figure 3A ,C) staining compared with the 0 μM treated group. Moreover, accumulation of GAG/DNA significantly increased in the 5 μM GM3 treated group compared with that in the 0 μM treated group (5 μM GM3 treated group, 16.48 ± 1.45 μg/μg; 0 μM GM3 treated group, 3.69 ± 0.12 μg/μg). Therefore, our results suggested that GM3, specifically 5 μM GM3, improved the chondrogenic differentiation of hSMSC aggregates. 
GM3 Up-Regulated TGF-β Signaling Pathway during the Chondrogenic Differentiation of hSMSC Aggregates
Next, we investigated whether GM3 might affect TGF-β signaling, including phosphorylation of serine, TGF-β-R1, TGF-β-R2, and SMAD2/3 (downstream of TGF-β receptors). The phosphorylation of TGF-βRs, specifically TGF-β-R2, and SMAD2/3, was seen to be increased in the 5 µM GM3 treated group (Figure 4) . These results indicated that GM3 and TGF-β are closely involved in the chondrogenic differentiation of hSMSC aggregates in response to TGF-βR activation.
Next, we investigated whether GM3 might affect TGF-β signaling, including phosphorylation of serine, TGF-β-R1, TGF-β-R2, and SMAD2/3 (downstream of TGF-β receptors). The phosphorylation of TGF-βRs, specifically TGF-β-R2, and SMAD2/3, was seen to be increased in the 5 μM GM3 treated group (Figure 4) . These results indicated that GM3 and TGF-β are closely involved in the chondrogenic differentiation of hSMSC aggregates in response to TGF-βR activation. 
Discussion
MSCs provide a feasible cell source for cartilage repair because they can be differentiated to various mesodermal lineages, such as chondrocytes, osteoblasts, and adipocytes [27] [28] [29] . Moreover, MSCs are easy to isolate, do not have significant donor-site morbidity, and are easy to expand in vitro [30] . Notably, hSMSCs have the greatest ability for chondrogenesis than other tissue-derived MSCs because hSMSCs possess special characteristics, such as activation of uridine diphosphoglucose dehydrogenase and expression of COMP and GAG, [4] [5] [6] [7] . Furthermore, several studies have demonstrated that hSMSCs are a valuable resource for cartilage regeneration in various animals [31] [32] [33] . Our results showed that hSMSCs expressed MSC specific markers and differentiated into mesodermal lineages (chondrocytes, osteoblasts, and adipocytes). Furthermore, the chondrogenically differentiated aggregates expressed chondrocyte specific markers; these characteristics make hSMSCs attractive candidates for cartilage regeneration.
Gangliosides are localized primarily on the outer cell membrane, in direct contact with the extracellular milieu, and modulate cell proliferation and differentiation [10, 34] . The regulation of cell differentiation depends on various extracellular and intracellular factors. Change in ganglioside expression patterns has been observed in cells during differentiation and in response to cytokine and 
Gangliosides are localized primarily on the outer cell membrane, in direct contact with the extracellular milieu, and modulate cell proliferation and differentiation [10, 34] . The regulation of cell differentiation depends on various extracellular and intracellular factors. Change in ganglioside expression patterns has been observed in cells during differentiation and in response to cytokine and growth factor exposure [35, 36] . Treatment gangliosides respond to several growth factors and modulate the functions of growth factor receptors such as platelet-derived growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR), and nerve growth factor receptor (NGFR) in human and mouse stem cells [37] [38] [39] [40] [41] . Our results showed that hSMSCs did not express any gangliosides; however, chondrogenically differentiated aggregates expressed GM3 and GD3. Several studies have shown that dental pulp-derived MSCs and adipose tissue-derived MSCs expressed GM3, GM2, and GD1a [14, 42] . Furthermore, GD1a expression was increased during osteoblast differentiation, and GD3 was shown to be newly expressed during neural cell differentiation [14, 15, 36, 42] . GM3 is related to the differentiation of megakaryocytes, CD4+ T cells, CD8+ T cells, osteoblasts, and neural cells [14] [15] [16] 36, 43, 44] . Interestingly, the exogenous addition of ganglioside GM3 regulates transforming growth factor-beta (TGF-β)-induced proliferation and epithelial-mesenchymal transition (EMT) [45] [46] [47] . Furthermore, GM3 was shown to be expressed more in normal cartilage than in osteoarthritis cartilage; specifically, ganglioside GM3 knock-out mice enhanced cartilage degradation in vivo, and led to the induction of matrix metalloproteinase (MMP-13) and ADAMTS-5 secretion and chondrocyte apoptosis in vitro; however, GM3 synthase transfection into GM3 knock-out chondrocyte suppressed MMP-13 and ADAMTS-5 expression after interleukin (IL)-1α stimulation [48, 49] . Moreover, we found GD3 to be expressed in our chondrogenically differentiated aggregates. GD3 has been known to modulate inflammation; thus, we need to study the function of GD3 in chondrogenically differentiated aggregates, in the future.
Several studies have demonstrated the role of TGF-β on cell fates, such as maturation, proliferation, and differentiation [50] [51] [52] . Notably, during chondrogenic differentiation, the TGF-β signal was shown to be transmitted into the nucleus through the SMAD pathway, which then activated the SOX-9 transcription factor for the expression of cartilage-specific genes, such as type II collagen and aggrecan [53] . Interestingly, TGF-β induced expression of ganglioside GM3 and GM3 synthase, and TGF-β and ganglioside GM3 treatment improved phosphorylation of TGF-β receptors and SMAD 2/3 signaling pathway [47] . Our results also showed that GM3 treatment, during the chondrogenic differentiation of hSMSC aggregates, increased the expression of chondrogenic markers. Furthermore, GM3 regulated serine phosphorylation of TGF-β-R1, TGF-β-R2, and SMAD2/3 during the chondrogenic differentiation of hSMSC aggregates.
In conclusion, we showed that GM3 and GD3 were expressed after hSMSC aggregates were chondrogenically differentiated. Treatment with GM3-specifically with 5 µM GM3-during the chondrogenic differentiation of hSMSC aggregates, showed that the differentiated chondrogenic aggregates had a significantly increased expression of chondrogenic specific markers, higher levels of toluidine blue and safranin O staining, and higher accumulation of GAG compared with the GM3 untreated group. Furthermore, the treatment of GM3 improved the TGF-β signaling pathway via SMAD 2/3 during chondrogenic differentiation of aggregates. Taken together, our results suggested that GM3 may be useful for the development of therapeutic agents to promote cell-based articular cartilage regeneration in articular cartilage disease.
Materials and Methods
Chondrogenic Differentiation of hSMSCs in Aggregate Culture
hSMSCs, isolated from human synovial tissue, were generous gifts from Dr. Yong-Gon Koh. The cells were maintained in Eagle's alpha minimal essential medium (Thermo Fisher, Waltham, MA, USA), supplemented with 10% fetal bovine serum (Thermo Fisher, Waltham, MA, USA) and 1% penicillin-streptomycin (Thermo Fisher, Waltham, MA, USA). For the chondrogenic differentiation of aggregates, the cells were seeded at 2.5 × 10 6 cells/mL in 15 mL polypropylene tubes and induced with 1× insulin-transferrin-selenium (Thermo Fisher, Waltham, MA, USA), 50 mM ascorbate-2-phosphate (Sigma, St. Louis, MO, USA), 100 nM dexamethasone (Sigma, St. Louis, MO, USA), and TGF-β (Peprotech, Rocky Hill, NJ, USA). The medium was replaced every 2 d for 21 d.
High-Performance Thin-Layer Chromatography (HPTLC)
Gangliosides extraction and purification were performed using DAEA Sephadex A25 column and Sep-Pak C18 cartridge, as previously described [14] . Also, HPTLC analysis of the gangliosides was performed using a 10 × 10 cm HPTLC 5651 plate (Merck, Frankfurter, Darmstadt, Germany), as previously described [14] . The purified gangliosides were normalized by total protein concentration and were loaded (500 µg protein/lane) onto TLC 5651 plates that were subsequently developed in chloroform/methanol/0.25% CaCl 2 ·H 2 O (50:40:10, v/v/v) and visualized using 0.2% resorcinol. Gangliosides from murine and bovine brains were used as markers for individual ganglioside species.
Immunocytochemistry
Chondrogenically differentiated aggregates were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature (RT), immersed in 30% sucrose, embedded in OCT compound (Sakura, Torrance, CA, USA), and cut into 10 µm sections. Frozen sections were permeabilized with 0.1% Triton X-100 and blocked with 4% bovine serum albumin (Sigma, St. Louis, MO, USA) for 1 h at RT. The samples were incubated with primary antibodies, diluted in blocking buffer, overnight at 4 • C, washed with 0.05% Tween-20 (Sigma, St. Louis, MO, USA) in PBS, and incubated with Alexa Fluor-conjugated secondary antibodies (Thermo Fisher, Waltham, MA, USA) for 1 h at RT. Fluorescence images were captured with an Olympus microscope (Olympus, Tokyo, Japan). The antibodies used are listed in Supplementary Table S1 .
Real-Time Polymerase Chain Reaction (PCR)
Total RNA was prepared from the samples using the TRIzol Kit (Thermo Fisher, Waltham, MA, USA), according to the manufacturer's instructions. Reverse transcription was performed with PrimeScript first strand cDNA synthesis kit, as per the manufacturer's instructions (Takara, Shiga, Japan). Quantitative real-time PCR was performed using the 7500 fast real-time PCR system (Applied Biosystems, Waltham, MA, USA) and fast SYBR green master mix (Applied Biosystems, Waltham, MA, USA). The primer sequences used are presented in Supplementary Table S2 .
Histological Analysis
Frozen sections were stained with toluidine blue (to visualize matrix proteoglycans), safranin O (as an indicator of chondrogenesis), and hematoxylin and eosin, according to routine protocols. Samples were examined by light microscopy (Olympus microscope, Tokyo, Japan).
Measurement of GAG Content
After chondrogenic differentiation, the aggregates were digested for 18 h at 65 • C with 125 µg/mL papain in PBE buffer (10 mM EDTA and 100 mM sodium phosphate) pH 6.5, containing 5 mM L-cysteine-HCl. A total of 500 µL of enzyme preparation was used per sample. Chondrogenic potential was quantified by measuring the production of sulfated glycosaminoglycans (S-GAG) using the 1,9-dimethylmethylene blue (DMMB) assay, according to the manufacturer's recommendations (Blyscan™ glycosaminoglycan assay kit, Biocolor, Carrickfergus, County Antrim, UK). Absorbance was measured at 656 nm using a microplate reader (Sunrise™, TECAN, Männedorf, Switzerland).
Western Blot
Differentiated chondrogenic aggregates were homogenized in RIPA buffer (Sigma, St. Louis, MO, USA) and centrifuged at 15,000× g for 30 min. Protein concentration was measured using the Bradford method (Bio-Rad, Hercules, CA, USA). Equal amounts of protein (30 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia, Amersham, Buckinghamshire, UK). The membranes were blocked in 5% skimmed milk (BD Biosciences, Franklin Lakes, NJ, USA) at RT for 2 h and then incubated with specific primary antibodies overnight, at 4 • C. The membranes were washed with TBS containing 0.1% Tween-20 and then probed with HRP-conjugated secondary antibodies. Bands were detected using SuperSignal West Femto chemiluminescent substrate (Thermo Fisher, Waltham, MA, USA). The antibodies used are listed in Supplementary Table S1 .
Statistical Analysis
All data are presented as mean ± SEM. Comparison of multiple groups was performed by one-way analysis of variance (ANOVA), followed by pairwise comparison with the Bonferroni post-hoc test. All data were analyzed using GraphPad Prism version 5.00 software (GraphPad Software, San Diego, CA, USA). 
